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Abstract: Utilising New Zealand’s winds for optimum power production for small-scale use requires a
robust, efficient wind turbine. Thinair 102 is a one blade downwind stall-regulated turbine designed to
maximise power in gusty winds. However, rapid variations in Tip Speed Ratio (TSR) due to wind speed
can be detrimental to the turbine and controller from the changing blade stall fraction over very short
time periods. In order to optimise future blade design and improve the response of the control system
to such fluctuations in power output understanding stall on the blade is crucial. This research therefore
predicts stall behaviour of the blade for a range of TSR using observational and simulation methods. A
turbine blade was instrumented with tufts attached to the blade and a camera mounted on the hub.
Digital post processing output was a stall intensity map and the blade stall fraction. Additionally
Computational Fluid Dynamics (CFD) and Blade Element Method simulations were computed for a
range of TSR. Three distinct regions of stall on the Thinair 102 blade at lower TSR were found from the
observations and three-dimensional simulation results. The stall in the central part of the blade was
found to have the most significant effect on the torque and thrust from the turbine. Predictions for power
output at higher wind speeds changes with numerical method used. The stall fraction on the blade was
observed to be periodic with decreasing amplitude over time due to the tower shadow effect as the
blade path sweeps around.
Keywords: Wind turbine; Computational Fluid Dynamics; stall; visualisation.
1

INTRODUCTION

New Zealand has high quality wind for energy production, (Reuther, N. et al., 2011). However this is
often concentrated in areas that are problematic for placement of large wind farms or there are social
concerns, (Kelly, G., 2011). With a low population, large distances for power distribution and increasing
energy costs, homeowner wind generation is becoming more attractive. A distributed supply and
reduced losses with generation near to use are also an advantage, (Nair, N.-K.C. et al., 2009). Microscale turbines are smaller than their commercial counterparts, have a lower mast height (typically up to
20m) and a smaller power output. Placement of these turbines typically is within 100m of a building,
(White, L.V. et al., 2014), and options for optimisation of the wind resource can be limited. These
turbines also have to be robust enough to utilise highly variable winds at a reasonable capital and with
minimal maintenance cost, (Wakes S.J. et al., 2017).
Powerhouse Wind Ltd based in Dunedin, New Zealand, have designed and developed a micro turbine
that fits these criteria, (PowerhouseWind, 2013). This innovative one blade downwind stall regulated
horizontal axis turbine with a teetering hub has a high real output ratio that responses to variation in
wind speed to optimise power output. However, fluctuations in wind speed can lead to rapid changes
in power output due to changing stall on the blade and this can lead to damage to the controller. By
understanding the stall behaviour on the blade better controller response can be designed to minimise
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damage and maximise power output. In order to optimise future blade design and improve the response
of the control system to such large fluctuations in power output understanding stall on the blade is
crucial. This research therefore aims to ascertain stall behaviour on the Thinair 102 blade using
observational and simulation methods to better understand the aerodynamics of the blade.
2

BACKGROUND

2.1

Thinair 102 Wind Turbine

The Thinair 102, Figure 1, is a horizontal axis wind turbine (HAWT) designed to maximise power output
in variable wind speeds and has a rated power output of 2kW. A teetering hub allows the adjustment of
the blade angle in the rotor plane, whilst in heavy winds or gusts a safe horizontal flag position is
adopted, (PowerhouseWind, 2013). While operating normally, the blade is angled at approximately 7°
to the horizontal and is counter balanced by two 5kg weights on the hub. The blade is 1.76m in length
and follows recommendations from NERL for blades 1-3m long in using S835 (root), S833 (primary)
and S834 (tip) to provide a high lift coefficient, (Hansen, M.O.L. et al., 2011). The rotational speed
(RPM) of the turbine is adjusted by the controller to maximise power output, taking care in highly variable
wind speeds to avoid rapid changes.
Rated power
Rated rotational speed
Rated Tip Speed Ratio
Cp
Cut-in wind speed
Cut-out wind speed
Tower height
Turbine weight

2 kW
320 rpm
7
0.45
3.5 m/s
20 m/s
20 m
70 kg

Figure 1. Thinair 102 wind turbine and specifications
Most micro HAWT have passive control strategies to keep costs down, (Muljadi, E. et al., 1998). Thinair
102 uses soft stall through variable speed rotor by applying an electric brake. Control software designed
by Powerhouse Wind Ltd automatically applies braking using an iterative process on the RPM and
power output measured. As the wind speed increases the blade is slowed and therefore progressively
stalls, shedding power through change to the aerodynamic coefficients. This process is less successful
in strong instantaneous gusts of wind due to limitations in the software and controller response time.
Figure 2 illustrates for one set of wind data where such stalling can cause issues for a turbine. It can be
seen that a sudden strong wind gust causes a sharp increase in wind speed and the combined effect
of the brake on the blade and that the blade is heavily stalled at the time means the turbine struggles
to keep up with the wind speed. This could cause potentially damaging loads on the blade and hub.
Wakes et al. (2017) outlined three-dimensional simulations using Computational Fluid Dynamics (CFD)
software performed on the Thinair 102 blade. Power output results were compared against twodimensional Blade Element Methods (FAST and PROPID) as well as log files from an operating wind
turbine. Agreement was found to be good and the CFD results were always in the same range as the
two-dimensional codes and the log data when available. In addition, the CFD was able to predict a
significant transition in stall between TSR 3.5 and 5 and produce a visual representation of the stall
behaviour across a range of TSR. However, further investigation and validation of the numerical models
is still needed.
2.2

Flow Visualisation on a Turbine Blade

The detection of attached and separated flow on the blade surface can be detected in a number of
ways. Thermography uses a uniformly heated airfoil and measures the surface temperature. This allows
transition between laminar and turbulent flow to be detected due to the difference in convection based
heat transfer, (Heineck, J. et al., 2014; Mori, M. et al., 2007). Another method is chemical analysis that
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exploits chemical properties that change with shear stress to provide a clear contrast where transition
occurs, (Kuester, M. et al., 2015).

Figure 2. Example of measured wind speed and turbine RPM with a period of rapidly
changing wind speed highlighted.
Optic methods, such as Laser Doppler Anemometry (LDA) and particle image velocimetry (PIV) are
laser-based and allow access to the entire velocity field. These techniques are used for a wide range
of experiments, (Akay, B. et al., 2010; Ferreira, C.S. et al., 2007; Hu, H. et al., 2012; Talavera, M. et al.,
2015), are accurate but need to undertaken in controlled conditions. An alternative optical method is
the use of tufts to visualise the flow. In the past this has relied on manual visual inspection, (Butterfield,
C., 1988; Sutrisno, P. et al., 2016), and did not provide quantitative data. Swytink-Binnema (2014)
suggested a novel digital method for tuft flow visualisation using video photography and software to
analyse tuft position and angle in every frame to determine stall fraction on a blade. Vey et al. (2014)
further developed the method to allow a stall map to be produced on a blade.
For the Thinair 102 blade, visualisation was not possible in a wind tunnel. Use of such facilities is
specialised, expensive, time consuming and are not readily accessible. The only other option is to find
a method that can be used on a working turbine. Measurements done in this way have the advantage
of real variable wind conditions as well using a full-scale blade attached to the hub and tower. However,
dependency on weather conditions and practical difficulties can make such field work challenging.
Techniques such as thermography, chemical analysis and laser-based optical methods were therefore
not possible to use in the field and the digital tuft method was determined to be the most practical
method to use.
3

METHOD

3.1

Visualisation

Figure 3 shows the experimental set up for the camera and blade, the experimental process described
in Figure 4 and the criteria for the tuft selection given in Table 1.

(a)
(b)
Figure 3. (a) Schematic of the blade instrumentation and (b) final layout of 64 tufts on the blade
with 60mm spacing
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Figure 4. Experimental process
Property
Length
Diameter
Colour
Spacing

Table 1. Tuft Specification
Criteria
Long enough to differentiate attached/separated flow
Short enough to avoid tip oscillations (Zhang, J. et al., 2000)
Thick enough to be detected by the algorithm
Thin enough not to disturb the flow
Provide maximum contrast with the white blade
Close enough to provide good distribution
Far enough not to tangle and be distinct for the algorithm, Figure 3b

Value
30mm
0.5mm
Black
60mm

A SD1000 action camera (AEE) was used with a 5mm fixed focal (fisheye -175° view); F/2.8 aperture;
1080 x 1920 resolution; 29.97Hz frame rate; 1000mAh battery with a 1h30 life; and 16GB microSD
storage. The maximum file size allowed was 2GB (25 minutes of video) so up to 2h20 of video (8 files)
could be recorded. In practice on a windy day the camera was setup and allowed to record as long as
the battery lasted. The turbine was then lowered, the camera charged and files downloaded before
another run was possible. The tuft detection algorithm was coded in MATLAB to calculate the stall
fraction on the blade and compute an intensity map of the stalled regions on the blade. The main steps
in the process were to:
1. focus on the region of interest (RoI) using a black and white mask;
2. binarise the image to black and white using a Sobel contour detection method;
3. detect the tufts based on the location and size of the connected components;
4. detect the stalled tufts based on the angle and upstream orientation.
The field test site is located in Dunedin, New Zealand at 100m elevation and with a turbine that has an
electric winch. Wind data from the turbine anemometer gave an average wind speed of 3.7m/s. A
limitation of this method was found to be that on a sunny day exposure created issues with contrast.
Detection of tufts was problematic as the shadow of the tuft was found to be indistinguishable from the
tuft by the algorithm. Test conditions were therefore limited to cloudy, dry, windy days and in the time
available for the experiment these did not occur. The wind speed range was limited to 0-10 m/s for the
results shown where there is limited stall but allowed the automated tuft detection algorithm to be tested.
Images from a sunny day were manually analysed for stall regions in order to compare against
numerical results to provide initial validation for the CFD results.
3.2

Flow Modelling

Two and three-dimensional numerical modelling was undertaken of the turbine blade using PropID and
CFD code FLUENT. The method for these simulations is reported in Wakes et al. (2017). Simulations
were undertaken for the velocity range 8-18m/s (within the rated wind speed range for the ThinAir102
turbine) and RPM in a range of 297-345 rpm. Tip speed ratios (TSR) between 3.61 (fully stalled) and
7.23 (no stall) were covered in these simulations. A mesh of 9.4 elements with the shear stress transport
(SST) turbulence model was used. The stall on the blade was visualised using surface streamlines and
velocity contours with torque and thrust values compared for both numerical methods.
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4

RESULTS

4.1

Numerical Modelling

Figure 5 compares the thrust and torque generation for two wind speeds at three RPM. The TSR for
the 9 m/s cases, Figure 5, are close to the “ideal” for power generation with no stall occurring on the
blade, Figure 6(b). At a wind speed of 18 m/s the TSR is low and the blade is almost entirely stalled,
Figure 6(a). When there is no or minimal stall on the blade, Figure 5, the two and three-dimensional
numerical simulation models are in good agreement. Maximum thrust and torque generation is seen to
occur around a radius of 1.2m from the hub on the blade after a steady increase along the blade. There
is then a decrease toward the tip of the blade. As TSR increases the thrust and torque generation also
increases.
Thrust generation

Torque generation

(a)

(b)

9 m/s

18 m/s

(c)
(d)
Figure 5. Thrust and torque generation for 9m/s and 18 m/s wind speed at 297, 321, 345 rpm for
the PropID (2-D) and CFD (3-D) simulations

(a)

(b)
Figure 6. Visualisation of the flow over the blade showing (a) fully stalled flow for a TSR of 3.61
(18m/s 345 rpm) and (b) no stall for a TSR of 7.23 (9m/s 345 rpm)
For increased wind speed and decreased TSR, Figure 5, the simulation methods do not agree. The
CFD results predict a decrease in thrust generation around the separation bubble region (r=1.2m) while
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the PROPID results indicate a pattern similar to that of a blade with no stall occurring. Two-dimensional
numerical methods are not picking up the complex three-dimensional effects of separation and vortices
and therefore are unlikely to predict realistic thrust and torque generation in these circumstances where
there is extensive stall on the blade. Maximum thrust and torque generation is for the higher TSR at
both wind speeds.
4.2

Visualisation of the Flow

The time of the camera and the machine log could be synchronised giving the evolution of the staff
fraction. Figure 7(a) shows an example where for a fairly constant wind speed and RPM (4m/s and 170
rpm) a decreasing periodic stall was observed. The stall oscillates between 0.2 and 0.9 with an
approximate period of 0.3s, matching that of the turbine. This is probably caused by the shadow effect
from the tower where the blade stall is triggered by the turbulent downwind wake from the tower. Even
at the relatively low wind speed the tower has influence on the flow and the unsteadiness of the
aerodynamics can be seen. This is likely more significant for a one blade turbine. Figure 7(b) shows an
averaged and smoothed stall fraction pattern for the same case using the automated detection
algorithm. As expected the stall decreased inboard to outboard and from trailing to leading edge. At the
tip and trailing edge the increased stall fraction is possibly from wing tip vortices rolling up and around,
although needs confirmation. It therefore appears important to consider not only an average steady stall
pattern on a blade but the transient variation due to blade movement when designing a turbine.

(a)
(b)
Figure 7. (a) Global stall fraction over time and (b) average stall map at 4m/s and 170 rpm.
Figure 8(a) confirms the existence of the wind tip vortex rolling up from the trailing edge of the blade
seen in the CFD simulations, Figure 6(a) and Wakes et al. (2017). It can be seen that the circled tufts
on the leading edge are pointing upstream while the others in that line are pointing downstream. The
tufts in the second line are also pointing upstream at the tip which strengthens evidence that the vortex
is rolling up from the trailing edge.

(a)
(b)
(c)
Figure 8. (a) Wing top vortex, (b) centre trailing edge separation and (c) trailing edge and tip
separation zones
Figure 8(b) shows a separation bubble at a blade radius of ~1.2m from the hub. In the circled section it
can be seen that the tufts are pointing downstream whilst those outside the bubble are pointing
upstream, indicating a change in flow direction. Figure 8(c) shows separation zones at the tip and trailing
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edge and is further indication that the CFD simulations are predicting similar aerodynamic patterns that
are seen in the visualisation. These field measurements are snapshots in time and are indicative of the
unsteadiness of these flows and show the big variations in flow states with wind speed and azimuthal
position. Better quantitative and visual validation is still needed for specific wind speed/RPM cases to
have more certainty of the numerical model.
5

CONCLUSIONS AND RECOMMENDATIONS

Obtaining validation data for numerical modelling can be difficult. Issues with workability of the method
in the field, lack of access to equipment such as a wind tunnel, weather requirements and commercial
pressures resulting in priorities and resourcing can limit what can be done. A visualisation method was
used to obtain information about stall patterns on the Thinair 102 turbine blade in use. The method used
shows promise but was challenging to implement for a working turbine. Improvements to the method
should include the remote operation of the camera, a longer battery life and greater storage. This would
allow better utilisation of suitable wind conditions and for the process to be less time and resource
intensive. The tuft recognition algorithm was found to be only accurate for recordings made on cloudy
days. A manual visual inspection was made for selected sunny day recordings to obtain some validation
data. The fish-eye lens was less than ideal and the use of a narrower lens type might be beneficial. The
colour and contrast of tuft and blade could also be used to improve detection, with a black blade with
white tufts more likely to conceal shadows and therefore making tuft angle detection easier. Alternative
patterns of tufts on the blades with more concentration of the trailing edge than currently would be
beneficial.
The visualisation was able to produce an instantaneous stall fraction map for the blade. With
adjustments to the method more extensive results could be obtained in the right weather conditions.
The three main stall features on the blade, the wing tip separation zone, the separation bubble at r=1.2m
and the trailing edge separation, were all seen in the CFD simulations and in the visualisation. Although
we have not achieved full validation of the CFD results this initial agreement is encouraging. The
comparison of the PROPID and the full three-dimensional CFD results shows that at higher wind speeds
there is discrepancy between the approaches. The two-dimensional method used by PROPID is not
able to capture the highly three-dimensional behaviour of the flow over the blade, therefore over
estimating the thrust and torque generation. The current steady state CFD simulations are for flow over
the blade only and so do not capture the tower shadow effect on stall and power output with the blade
rotation.
Together the three-dimensional CFD simulations and visualisations of the flow over a blade are powerful
tools for Powerhouse Wind. Better understanding of the stall patterns on the blade can begin to be
used to drive design changes for the turbine or new product development. Ultimately this could lead to
a controller that is more responsive to the damaging rapid variation in power output resulting from strong
gusty winds or a new blade (re)design. Two-dimensional models such as PROPID will still be used for
characterising power generation for existing and new turbine designs due to their ease of use,
robustness and speed. However, Powerhouse Wind can now view these results with a critical eye
through new awareness of the limitations of these models. The use of resource intensive CFD
simulations can then be targeted and enable enhanced understanding of the aerodynamics of new or
changed blade designs.
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